ABSTRACT. An important issue in biodiversity conservation is the early detection of introduced and invasive organisms and identification of regions that may either be points of introduction or be particularly prone to invasion. Among insects, ants are easily transported worldwide by humans, and several species, such as Solenopsis geminata or Pheidole megacephala, can be highly invasive. To establish an initial baseline for urban ant monitoring in Côte d'Ivoire (Western Africa), fifteen cities -equally distributed over the three main ecoregions of the country -were surveyed using tuna baits as sampling method. A total of 103 ant species from 22 genera and 5 subfamilies were collected. We identified 10 potentially invasive species, amongst them two new species for the country: Solenopsis geminata and Solenopsis globularia. Another highly invasive species, Paratrechina longicornis, was the most abundant species collected throughout the country. Potentially invasive ant species co-occurred with non-invasive species, and contributed importantly to the structure of ant assemblages of all sampled urban habitats. The present study provides evidence that introduced and invasive ant species are established in cities of Côte d'Ivoire, often in high numbers and are occurring over large areas of invasion.
Introduction
The accelerated growth in the numbers of people living in cities leads to the rapid expansion of urban areas (UN 2010; Seto et al. 2011) . Cities inside or near biodiversity hotspots may cause the local extinction of native and endemic species and the homogenization of the world's biota (McKinney 2006; McDonalD et al. 2013; FerlanD 2015) . A major concern is the increase in introductions of exotic and invasive species, associated with increasing transport of people and goods across the globe and the consequent disturbance of urban areas, which sharply increases the opportunities of non-native species to be introduced and become invasive outside their geographical range (McKinney 2006; KowariK & Von Der lippe 2007; HulMe 2009; SCDB 2014; Molina-Montenegro et al. 2014) . For example, human settlements import exotic species through commercial exchange and tourism. Due to the increased disturbance of urban areas these species spread into adjacent landscapes along transport corridors (airports, ports, railways, waterways, industrial zones, roads) and in many cases invade natural areas where they cause deleterious effects on biodiversity and enormous resultant economic costs once they are established (eHrenFelD 2010; piMentel 2011; SiMberloFF & rejMáneK 2011) .
Given the strong implication of humans in the introduction of exotic and invasive species, many authors reported cities as hotspots of invasion and consider urban ecosystems as important pathways and vectors for propagule dispersal (McKinney 2006; Von Der lippe & KowaricK 2008; Van HaM et al. 2013) . Moreover, despite the recommendation of Aichi target 9 throughout the strategy Plan of Biodiversity (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) to identify invasive species and pathways, basic studies on native and introduced biota in urban landscapes remain rare or missing for many developing countries. This is especially the case in the West African urban landscapes where the biodiversity of the Guinean Forest (West African major biodiversity hotspot) will undergo direct impact of urbanization by 2030 (Seto et al. 2013) .
In this study we examine urban ant communities from the three ecoregions of Côte d'Ivoire with the aim of identifying introduced and potentially invasive ants. We focused on these insects because they are one of the most important arthropod groups in tropical ecosystems (HöllDobler & wilSon 1990) and are easy to collect (agoSti & alonSo 2000) . Many of them have a generalized diet and are able to adapt to urban habitats (angilletta et al. 2007; guenarD et al. 2014) . These ant species, called "tramp species" are abundant in human settlements and could occur outside their original distributional range (Mcglynn 1999) . The small size of these ant species makes them easily transported unintentionally by humans via tourism and commercial exchange (Holway et al. 2002) . Consequently, for over 200 ant species that have been reported as introduced in exotic ranges, many of them are among the world's notorious invaders (Mcglynn 1999; Suarez et al. 2010) . Invasive ants cause ecological and economic damage. They are responsible for the loss of diversity of ants, other arthropods and even vertebrates in many invaded regions (Holway et al. 2002; SiMberloFF et al. 2013; wauterS et al. 2014 ). Yet, studies on the status of ant invasion in Africa are lacking (Suarez et al. 2010) , particularly in West Africa, Côte d'Ivoire, where all existing studies on ants to date have been conducted in natural habitats and agricultural ecosystems (leVieux 1971; DioManDé 1981; yeo 2006; yeo et al. 2011; Koné 2013) . The urban habitat has not been screened sufficiently for its ant fauna.
Here, we study ant diversity and composition in urban landscapes of Côte d'Ivoire with a particular focus on the identification of invasive ant species. The specific objectives were: (1) to compare the distribution and diversity of urban ant communities within three ecoregions of the country (2) to identify and estimate the importance of introduced and potentially invasive ant species in different ecoregions, and (3) to assess the contribution of potentially invasive and dominant ant species to the ant assemblage in the three ecoregions.
Material and methods

Study sites
The study was conducted in fifteen cities of Côte d'Ivoire (Table S1 ). Côte d'Ivoire is located in West Africa (4°30'to 10°30'N and 2°30' to 8°30' W) and covers an area of 332,462 km 2 . It is bordered to the west by Liberia and Guinea, to the east by Ghana, to the north by Mali and Burkina Faso and to the south by the Atlantic Ocean. The current population is 22,671,300 inhabitants, half of them living in cities (RGPH 2014) . The hot and humid climate ranges between equatorial and tropical with 28°C annual mean temperature and annual precipitation varying between 1000 mm in the North to 2400 mm in the South (SaVane & Konare 2010). Côte d'Ivoire is divided in three ecoregions: Sudanian, GuineoCongolian (wHite 1983; gautier & SpicHiger 2003) and Transition (Fig. 1) .
The Sudanian ecoregion is located in the North and consists of sparsely wooded forests, wooded and grassy savannahs set on lateritic soil. The cities of this ecoregion are poorly urbanized because a large part of the population is living in rural areas (cotten 1974; RGPH 2014) . The cities of Odienné (S1), Korhogo (S2), Ouangolodougou (S3), Ferkessedougou (S4), and Bouna (S5) are located in this ecoregion. The urban land development is low in the cities of this ecoregion. The restricted asphalted road and reduced pavement also favour the presence of bushy vacant lots, permanently restricted lots covered by native vegetation (Table S1 ).
The Guineo-Congolian ecoregion covers the southern half of the country and comprises the majority of biodiversity hotspots because of the presence of dense humid forests. The cities of this ecoregion are the most densely populated and urbanized. The migration of people from the other ecoregions towards the Guineo-Congolian ecoregion due to the presence of many cocoa plantations, cash crops economy and its proximity to the coast has contributed to a sprawl and industrialization of cities in this ecoregion (beaucHeMin 2002; cHatelain et al. 2003; Halle & bruzon 2006) . The surveyed cities in this ecoregion were Daloa (G1), Man (G2), Soubre (G3), San-Pedro (G4) and Abidjan (G5) characterized by a high occupation of urban land by settlements and urban infrastructure. In the cities of this ecoregion, urban land is densely paved and open areas are rarely covered by ruderal vegetation and grasses, apart from the managed green spaces (Table S1 ).
The Transition ecoregion consists of savannah/forest mosaics (Keay 1959) . It consists of semideciduous forest embedded within the Guinean savannah. Here we surveyed the cities of Bouaké (T1), Yamoussoukro (T2), Touba (T3), Bondoukou (T4) and Abengourou (T5). Cities of this ecoregion are the most populated after the Guineo-Congolian cities, with expansive industrial zones in the cities of (Table S1 ).
Sampling and identification
We collected samples between 8:00 am and 12:00 am from September 2014 to December 2015 in seven specific habitats described as follows: Domestic street: roads and streets without asphalt located between houses; Market: sites near traditional daily markets; Residential: houses where people of middle-class live; Asphalted street: road dominated by asphalt; Transport station: sites of transport of people and goods; Industrial zone: areas dominated by industrial activities such as production, transformation, exportation and importation of goods; Harbour zone: Port area of Abidjan and San-Pedro. The latter two types of habitat are linked to ports. We considered all these habitats as being different in environmental disturbance and their ability to house introduced and potentially invasive ant species.
Our sampling sites were cities (five cities per ecoregion). In each city, sampling was conducted on three distinct transects. Transects were linear lines of 200 metres with 20 sampling points separated by 10 metres from each other. A brief description of each transect was done and the transects were georeferenced with a Garmin GPSMAP 64s in order to characterize the physical environment of sampling area (Table S1 ). Ants were collected using tuna baits at each sampling point at 15, 30, 45 and 60 minutes (yeo et al. 2016) . Each sample was stored in an individual Eppendorf minitube of 2 ml filled with Ethanol (96%) and labelled. The fifteen sampled cities were distributed equally among the three ecoregions with a total number of 45 transects, yielding a total of 900 bait samples (Table 1) .
Ant workers were identified at genus level using bolton's (1994) identification guide. We then used identification keys of bolton (1976, 1980, 1982, 1987) and Dr Yeo Kolo's personal ant reference collection in Lamto Ecological Station for identification at species level. Ants of the latter collection are used as reference for Côte d'Ivoire because they were identified based on ant specimens deposited at Natural History Museum of London, Musée d'Histoire Naturelle de Paris and the Museum of Comparative Zoology, Cambridge, USA, or checked by ant taxonomists during Yeo's PhD thesis (yeo 2006). When possible ant specimens were digitized using the digitization equipment at Royal Belgian Institute of Natural Sciences (RBINS) (brecKo et al. 2014 ) and compared with the image bank on AntWeb (www.antweb.org). All identified ant specimens were deposited at RBINS and in Lamto Ecological Research Station, Côte d'Ivoire. Because of the absence of historical data on introduced, invasive, and most native ants in Côte d'Ivoire, we screened the literature to determine the introduced and potentially invasive status of the ants we identified. Consequently, we assessed the introduced and/or potentially invasive status when they were reported as non-native from Africa and/or invasive elsewhere in the world (Mcglynn 1999; Holway et al. 2002; berMan et al. 2013; wetterer 2010a , 2010b , 2012 wetterer & garcia 2015) . We also used the websites of the Global Biodiversity Information TABLE 1 Number of species occurrences, species richness, estimated species number (Chao 2), sampling coverage (= [observed species number / estimated species number] * 100) and number of unique species for each ecoregion.
Facilities (GBIF; www.gbif.org), Encyclopedia of Life (EOL; www.eol.org) and PIAkey (Sarnat 2008) to find out what the current status of several ant species in Western Africa might be.
Data analysis
The transect was considered as sampling unit for the analysis of data. Thus, the occurrences of species (presence or absence data) were considered rather than the absolute number of individuals (ant workers). This measure was preferred because of the patchy distribution of ants due to their social organization (longino 2000) and due to great differences in colony sizes (anDerSen 1991). At transect level, we pooled samples of 15, 30, 45 and 60 minutes from the same bait to get a total of 20 samples per transect.
At the city level we combined the three corresponding transects (60 samples) and at the ecoregion level we grouped all transects (300 samples) from the corresponding cities. We measured our sampling success by estimating the expected species richness with a nonparametric estimator (Chao 2) included in EstimateS v. 9.1.0 (colwell 2005).
For each transect and city we calculated the average number of ant species (S), the total number of worker occurrences (N) and Margalef diversity index. Using these indices, we conducted a diversity partitioning according to wagner et al. (2000) . We deconstructed the entire community diversity into its alpha component at three levels: diversity among transects within cities, diversity among cities within ecoregion and diversity among ecoregions. In addition, we examined how spatial scale affects introduced and potentially invasive ant species. For that, only introduced and potentially invasive species were included in the species diversity partitioning. Differences in the absolute number of introduced and potentially invasive species between transects of the three ecoregions were compared using nonparametric Friedman test on repeated measures. The complementarity between the three ecoregions was measured using Bray-Curtis similarity index. Further, transects were ordinated by means of a non-metric multidimensional scaling (NMDS) based on the Bray-Curtis similarity index. We further used values of Bray-Curtis index to perform an analysis of similarities (ANOSIM), using 10 000 permutations to test for significant differences in species composition between transects and ecoregions. This analysis compares the differences amongst average rank similarities between samples of transects and cities within ecoregions and between samples in distinct ecoregions. It provides an R statistic which is a measure of the dissimilarity between sites. Values of R close to zero indicate low dissimilarities while values of R closer to 1 indicate high dissimilarities (clarKe & green 1988) . Finally, we carried out a similarity percentage analysis (SIMPER) to determine which species contribute the most to the similarity in species composition among sites (Clarke 1993) . The calculation of indexes of α-diversity, complementarity, ANOSIM and SIMPER analyses were performed, using Past Software 3.09 (HaMMer et al. 2001) .
Results
In total we collected 60 437 ant workers (5443 occurrences) representing 103 species from 22 genera and 5 subfamilies (Table 1; Table S2 ). Myrmicinae (77 species) was the most speciose subfamily, followed by Formicinae (15 species) Dolichoderinae and Ponerinae, with 4 species each. The subfamily Dorylinae (3 species) was the least speciose. However we noticed that the Dolichoderinae were more abundant in the Guineo-Congolian ecoregion while a different pattern was observed for Ponerinae (Table S2 ). Dorylinae were rare in urban areas.
Out of 103 species, we identified 10 introduced and potentially invasive ant species, which constitute an important part (21.80%) of the total occurrences (Table S2 ). The following species were considered as being introduced and potentially invasive: Paratrechina longicornis (8.7%), Tetramorium simillimum (3.5%), Trichomyrmex destructor (3%), Pheidole megacephala (3%), Monomorium pharaonis (1.2%), Cardiocondyla emeryi (1%), Tapinoma melanocephalum (0.5%), Solenopsis geminata (0.4%), Tetramorium caldarium (0.42%) and Monomorium floricola (0.07%). The proportion of transects on which these species co-occur with native species is indicated in Table 2 . Introduced and potentially invasive ants species were detected on all transects in the Guineo-Congolian and the Transition ecoregions, while in the Sudanian ecoregion only one transect was exempt from these ant species.
Comparison of the average number of introduced and potentially invasive ant species did not show significant differences between transects of the three ecoregions (Friedman test: χ2 = 1.6, df = 2, P = 0.37). However, abundance of introduced and potentially invasive ant species varied significantly between ecoregions (Friedman test: χ2 = 3.6, df = 2, P = 0.014) (Fig. 2) . Paratrechina longicornis, Trichomyrmex destructor, Tetramorium simillimum and Pheidole megacephala were the most abundant potentially invasive ant species.
Considering the whole ant community together, ant species composition differed among ecoregions (general ANOSIM: R = 0. 38, P<0. 005, Table 3 ; Fig. 5 ). We also noticed that species composition in some cities of the Transition ecoregion was more similar to cities of the Sudanian and Guineo-congolian ecoregions. Comparison of ant species composition separately indicated that composition of native ant species differed between ecoregions (ANOSIM: R = 0. 31, P < 0. 001) while a low difference was observed in composition of introduced and potentially invasive ant species (ANOSIM: R = 0. 05, P < 0. 04). Furthermore, similarity percentage analysis (SIMPER) showed that 20 ant species contributed the most to the average dissimilarity among species assemblages from different ecoregions (Table 4) . These ant species contributed up to 70% of the global ant similarity. Among them, four introduced and potentially invasive ant species occurred: Paratrechina longicornis, Trichomyrmex destructor, Pheidole megacephala and Tetramorium simillimum.
Examination of sampling effectiveness indicated that sample coverage was more than 70% of all ecoregions, although species accumulation curves did not reach a plateau (Fig. 3) . The total number of 103 species was divided into 63, 56 and 54 ant species in the Sudanian, Guineo-Congolian and Transition ecoregions, respectively. Figure 4 shows the partitioning of observed species richness (S) and diversity in additive component. For observed species number (S), the total of 103 species can be divided into a mean (S) within-city richness of 25 species and a between-city richness of 78 species. When split among ecoregions, observed species numbers can be divided into a mean (S) within-city richness of 27, 25 and 23 species, and a between-city richness of 36, 29 and 33 species for Sudanian, Transition and Guineo-Congolian ecoregions, respectively. In addition, the comparison of observed species number at the lowest level (between transects) of ecoregions did not show significant difference (Friedman test: χ2 = 4.13, df = 2, P = 0.11). Within and between-transects and cities Margalef diversity index (d), shows that ant diversity decreased significantly from the Sudanian ecoregion (2.9±0.91) towards the Transition ecoregion (2.8±0.57) and the Guineo-Congolian ecoregion (2.5±0.63) (χ2 = 6.53, df = 2, P = 0.04) ( Fig. 4 ; Table 5 ). For the observed number of introduced and potentially invasive ant species, a total of 10 species can be divided into a means within-city richness of 5 species and a between-city richness of 5 species. In the ecoregions, observed numbers of species of introduced and potentially invasive ant species can be divided into a mean (S) within-city richness of 3, 3 and 4 species, 
Discussion
Out of 103 ant species collected in this study, ten might be considered as introduced and potentially invasive (Mcglynn 1999; Deyrup et al. 2000; Holway et al. 2002; berMan et al. 2013; wetterer 2010a , 2010b , 2012 wetterer & garcia 2015; MajiD et al. 2016) . These species are Paratrechina longicornis, Trichomyrmex destructor, Tetramorium simillimum, Pheidole megacephala, Fig. 4 -Additive diversity partitioning of the species number (top), Margalef index (middle) and introduced and potentially invasive species numbers (bottom) for the three ecoregions and the study area as a whole. The diversity was partitioned at three levels (transects, cities and ecoregions) into the mean species number (S), the mean Margalef index (d) and the mean number of introduced and potentially invasive ant species. TABLE 4 Non-invasive (NI) and introduced and potentially invasive (PI) ant species contribution (%) to the average dissimilarities between ecoregions determined by SIMPER analysis. Abbreviations: NI = noninvasive species; PI = introduced or potentially invasive species. Status based on wetterer , 2012 berMan et al. 2013; Mcglynn 1999 and Holway et al. 2002) . ecoregions showed differences in native ant species composition but not for introduced and potentially invasive ant species, which implies that these ants might be common in urban areas (bolger et al. 2000) . Another reason for the minor difference could be that the introduced and potentially invasive ant species identified here may behave as tramp species and are adapted to urban areas.
Monomorium pharaonis, Cardiocondyla emeryi, Tapinoma melanocephalum, Solenopsis geminata, Tetramorium caldarium and
Status
In the present study, Paratrechina longicornis was the most common introduced and potentially invasive ant species most frequently encountered and it occurred in all cities sampled. The high prevalence of Paratrechina longicornis might be explained by its opportunistic behaviour that facilitates its adaptation to various environmental conditions and its ability to nest indoors as well as outdoors (wetterer 2008; ab MajiD et al. 2016) . Another potentially invasive ant species, Solenopsis geminata, was collected only from the Industrial zone of Yopougon in Abidjan. The introduction of this species is recent in Côte d'Ivoire as indicated by KouaKou et al. (2017) . This species has been reported as being highly invasive TABLE 5 Alpha-diversity (mean ±SD) of ant communities based on transects in Sudanian, Transition and GuineoCongolian ecoregions of Côte d'Ivoire (n = 15 transects/ecoregion).
in other regions of the world and is able to monopolize resources in both disturbed and natural areas with respect to other ant species (Herrera & cauSton 2008; wetterer 2011; wauterS et al. 2014) . Also among the introduced and potentially invasive ant species most frequently encountered there were Trichomyrmex destructor, Pheidole megacephala and Tetramorium simillimum, which are abundant and widely distributed in all ecoregion. Pheidole megacephala, a widespread invasive tramp ant species throughout the world and probably native to the Afrotropics (wetterer 2012), seems commonly distributed in all ecoregions.
Considering the whole ant community of urban areas in the three ecoregions, the rarefaction curve of our study had not plateaued, although our sample coverage showed that we sampled 75% of the species that would be captured with tuna baits. These results imply that despites the high sampling effort, it may be necessary to conduct further surveys to gain information on complete species richness. This agrees with gotelli et al. (2011) who suggested that it is rare to achieve a complete sampling of ants because undetected species can sometimes only be found after (a) decade(s) of continuous sampling. Furthermore, the 103 ant species collected belong to 22 genera and 5 subfamilies for all ecoregions with a predominance of ant species belonging to the subfamily Myrmicinae. This finding is consistent with the previous studies of yeo et al. (2016) on the urban ant fauna in Abidjan municipalities and narenDra et al. (2011) who reported that Generalized Myrmicinae co-occurred in disturbed habitats. The partitioning of α-diversity into additive component did not show significant variation in the species number at transects and cities level when comparing ecoregions between them. Similarly, spatial scale did not affect the number of introduced and potentially invasive ant species. However, it is important to report that diversity between and within-transect and diversity between-city decreased from the Sudanian ecoregion toward Transition and Guineo-Congolian ecoregions. This variation suggests that the variation in urban ant species diversity is due to the differences of urban area at larger scale, specifically the difference between cities and between ecoregions. This pattern was consistent with dissimilarity observed in the whole ant community composition from cities in the Sudanian ecoregion toward Guineo-Congolian ecoregion. A potential explanation of this difference in ant fauna could be the difference in level of urban land development between cities of the three different ecoregions. Many authors also showed that composition of ant assemblage is strongly linked to habitat and disturbance (narenDra et al. 2011; pHilpott et al. 2014; oSSala et al. 2015) . Here the study areas in the Transition and Guineo-Congolian ecoregions showed a higher frequency of open areas, indicative of apparent level of urban land development, than in the Sudanian ecoregion (Table S1 ). For example, the cities within the Guineo-Congolian ecoregion have undergone recent rapid urbanization (baucHeMin 2002; RGPH 2014) and are characterized by pavement and open areas with sparse vegetation cover. By contrast, cities in the Sudanian and Transition ecoregion are less homogenous habitats and show a more restricted urban land development and green patches of original vegetation. This result suggests that local factors, such as habitat complexity might explain an important part of the variation of arthropod assemblages, specifically urban ant assemblage (pHilpott et al. 2014; oSSala et al. 2015) .
Conclusion
This study is one of the first to document locally the distribution and diversity of the introduced and potentially invasive ants in urban landscapes in Côte d'Ivoire. We showed that ant communities of urban areas in Côte d'Ivoire seem to host a diverse and often very abundant community of introduced and invasive species. These species may cause problems for the local biodiversity and also economic problems and dangers for human health. This is in particular the case where urban areas border nature reserves and urban parks such as Banco National Park in Abidjan (yeo et al. 2016) . We therefore suggest a follow-up and monitoring of potential new introduction pathways for invasive ant species in cities and harbours in Western Africa. Carebara distincta (Bolton & Belshaw, 1993) 
